This study sought to improve global vascular risk prediction with behavioral and anthropometric factors.
Results
Variables that significantly added to the traditional Framingham profile included waist circumference, alcohol consumption, and physical activity. Continuous measures for blood pressure and fasting blood sugar were used instead of hypertension and diabetes. Ten-year event-free probabilities were 0.95 for the first quartile of GVRS, 0.89 for the second quartile, 0.79 for the third quartile, and 0.56 for the fourth quartile. The addition of behavioral factors in our model improved prediction of 10-year event rates compared with a model restricted to the traditional variables.
Conclusions
A GVRS that combines traditional, behavioral, and anthropometric risk factors; uses continuous variables for physiological parameters; and is applicable to nonwhite subjects could improve primary prevention strategies. Cardiovascular diseases remain major threats to the future public health of multiple countries. Although success has been achieved in reducing mortality, the aging of the population and the lack of reduction in risk factor prevalence will require more innovative approaches to prevent cardiovascular disease and stroke. Approaches to predict who is at increased vascular risk can aid health care professionals to detect the at-risk individual. The use of risk assessment tools has been recommended to help identify individuals who could benefit from therapeutic interventions and who may not be treated on the basis of any one risk factor (1) . Such tools should consider a broader perspective and attempt to estimate the global risk of developing myocardial infarction (MI), stroke, or vascular death.
Various tools have been devised to predict a variety of adverse cardiovascular events with increasing sophistication. However, many of these studies have been limited by the use of a single sex (2) (3) (4) , lack of racial diversity (4 -6), or end points limited to either heart disease (3, 6, 7) or stroke alone (4, 5, 8, 9) . The Framingham-based models are the most widely studied tools to predict the risk of developing coronary heart disease (6), stroke (5) , and cardiovascular risk (10) ; however, they do not include many behavioral variables or anthropometric indexes. Although derived from a white population, the Framingham model has been found to be relatively accurate in certain ethnic populations (11) , but questioned in others (12) (13) (14) (15) . There are no prediction models derived from cohorts with a significant nonwhite population.
Our goals were to develop a model using the NOMAS (Northern Manhattan Study) to improve on currently available global cardiovascular disease risk prediction tools by incorporating both traditional and behavioral risk factors and to determine the incremental benefit of adding these risk factors. We wanted to develop a prediction tool from a racially and ethnically diverse cohort that would be useful for African-American and Hispanic people at risk for vascular disease.
Methods
The NOMAS trial is a prospective, population-based cohort of 3,298 subjects. The primary goals of the study are to describe the prevalence of vascular risk factors and incidence of vascular outcomes in a community-based sample, to identify new vascular risk factors, and to characterize these factors among a racially and ethnically diverse cohort. The study was approved by the institutional review boards of Columbia University and the University of Miami, and informed consent was obtained from all participants. Cohort selection. The cohort was recruited between 1993 and 2001 as described elsewhere (16) . Subjects were enrolled if they: 1) were at least 40 years of age; 2) lived in a pre-defined geographic area of northern Manhattan for at least 3 months in a household with a telephone; and 3) did not have a history of stroke. Additionally, 561 subjects with baseline coronary artery disease (angina, MI, cardiac bypass surgery, or coronary angioplasty) were excluded from this analysis. Subjects were contacted by using random digit dialing of both published and unpublished telephone numbers. The telephone response rate was 91% (9% refused to be screened), and 87% of eligible subjects indicated they were willing to participate. The enrollment response rate was 75%, resulting in an overall response rate of 68%. Baseline assessment. All participants underwent a thorough baseline examination including comprehensive medical history, physical examination, review of medical records, and fasting blood samples. Standardized questions were adapted from the Centers for Disease Control and Prevention Behavioral Risk Factor Surveillance System. Raceethnicity was based on self-identification modeled after the U.S. census. Smoking was defined as either nonsmoker, current smoker (within the last year), or former smoker. Alcohol use, with nondrinking as the reference, was defined as moderate if the subject asserted to currently drinking at least 1 drink per month, but no more than 2 drinks per day. Leisure-time physical activity was recorded using a simple questionnaire adapted from the National Health Interview Survey and categorized as either none (reference), mild, or moderate-to-heavy based on the types of activities performed (17) .
Blood pressure and waist circumference were measured at baseline. Other cardiovascular conditions were recorded, including atrial fibrillation, valvular heart disease, and peripheral vascular disease (defined by self-report as a history of vascular disease in the legs or pain in the back of the legs with walking that stops with rest). Fasting high-density lipoprotein and total cholesterol were obtained using a Hitachi 705 automated spectrophotometer (Boehringer Mannheim, Mannheim, Germany), and low-density lipoprotein levels were derived from the Friedwald equation. Prospective follow-up. Subjects were followed up annually by telephone. Only 2 subjects were completely lost to follow-up after their baseline examination, and the average annual contact rate was 99%. The telephone interview assessed any change in vital status, neurological or cardiac symptoms and events, and hospitalizations. A positive screen for any potential cardiac or neurological event was followed up by an in-person assessment to determine whether a vascular outcome had occurred. We prospectively screened all admissions and discharges to detect hospitalizations and outcomes that may not have been captured by telephone interview. Nearly 70% of our vascular events led to hospitalizations at Columbia-Presbyterian Hospital. Classification of outcomes. Hospital records were reviewed to classify all outcomes as previously reported (16) . The 3 main outcomes of interest included stroke, MI, and vascular death. At least 2 stroke neurologists were responsible for verifying and classifying every case of stroke. Myocardial infarction was defined by criteria from the Cardiac Arrhythmia Suppression trial (18) and the Lipid Research Clinics Coronary Primary Prevention trial (19) and adjudicated by a study team cardiologist. Death was classified as either vascular or nonvascular based on information from family, medical records, death certificate, and primary care physicians. Vascular causes of death were stroke, MI, heart failure, pulmonary embolus, cardiac arrhythmia, and other vascular causes. Nonvascular causes of death included accidents, cancer, pulmonary (pneumonia, chronic obstructive pulmonary disease), and other nonvascular causes. Statistical analysis. MODEL BUILDING. Our goal was to construct a survival model to predict combined cardiovascular outcomes, which included stroke (ischemic or intracerebral hemorrhage), MI, and vascular death. We started Cox proportional hazard models by including all of the traditional risk factors from the Framingham models. Although certain variables were less predictive in our cohort, we chose to retain ROC ‫؍‬ receiver-operator characteristic them because our goal was to build a predictor model adding to the traditional Framingham variables. Some traditional variables were used in a different functional form: diabetes was replaced by a continuous measure of fasting blood sugar, and dichotomous smoking status was trichotomized as never, past, and current smoking. We replaced the traditional categorical risk factors with continuous variables to enhance the fit of the model. We evaluated the goodness of fit of using continuous measures instead of categorical variables and whether the specified linear relationship on log hazard function was appropriate by generating smoothed curve fit of martingale residuals omitting each continuous variable (20) .
We retained basic sociodemographic variables (age, sex, and race-ethnicity) and selectively added other vascular risk factors that could be ascertained through history or blood tests. Variables that were assessed included sibling history of stroke or MI, waist circumference, body mass index, waistto-hip ratio, alcohol consumption, physical activity, peripheral vascular disease, atrial fibrillation, valvular heart disease, homocysteine, white blood cell count, and creatinine levels. We kept risk factor variables with significant contribution to the fit using the likelihood ratio criterion. All 2-way interaction terms, including by age, sex, and race-ethnicity, were examined and the terms contributing significantly to the fit by the likelihood ratio criterion are included in the final model.
A global vascular risk score (GVRS) was computed by summing a product of a linear predictor from our final model. Kaplan-Meier curves for survival free of stroke, MI, or vascular death were plotted for the quartiles of the GVRS. We constructed plots of probabilities of having the combined event within 5 years and 10 years as a function of the GVRS.
MODEL ASSESSMENTS.
We reported a deviance analysis to quantify the relative contribution of the newly added variables to the goodness of fit that used the additive property of the sum of squares (21) . We compared the receiver-operator characteristic (ROC) curves for our new model, a model with only traditional variables, and another model developed using an automated model selection method (Akaike Information Criterion [AIC]) (22) . To select the model using the AIC method, we examined all of the models that had additional risk factor variables beyond the traditional variable set and all possible 2-way interactions. We compared the areas under the curves (AUC) for these 3 models. Using every linear predictor value as a cutoff, we formed a 2 ϫ 2 table (failure/no failure vs. above/below cutoff) to obtain sensitivity and 1 minus specificity. To handle censoring, we calculated sensitivity by Kaplan-Meier estimates for survival. After sorting values by false positives, areas of successive trapezoids were summed to compute the AUC. We compared the degree of subject reclassification between a model with traditional variable coefficients derived for our cohort and our new model by constructing a cross-tabulation of Baseline Characteristics of the NOMAS Cohort Improving Global Vascular Risk Prediction predicted probability categories (Ͻ10%, 10% to 20%, Ͼ20% over 10 years) for the 2 models (2,23). We report 2 statistics: 1) predictability based on categorical outcome whether the reclassification is correct; and 2) predictability based on continuous degree of correct reclassification. We constructed a novel graphical approach to compare the 2 predicted probabilities derived from the models and evaluate whether the classification was correct or not based on the 10-year outcome of the subject (24, 25) . We calculated a modified version of the integrated discrimination improvement measures proposed by Pencina et al. (24) by weighting each improvement based on the actual observed proportion of uncensored and censored data. To conduct hypothesis testing of equal predictability between the 2 models, we generated the null distribution of the statistic by computing predicted probabilities of the traditional variables and predicted probabilities of the same model from a bootstrap sample, and repeating this procedure 1,000 times. We also compared Hosmer-Lemeshow statistics to check 10-year event predictability accounting for censoring using the Breslow estimator as an alternative to Kaplan-Meier.
Results
The cohort consisted of 2,737 community subjects free of stroke and known coronary artery disease. The majority of the subjects (63.2%) were women, and 52.7% were Hispanic, 24.9% were African American, and 19.9% were white. Baseline characteristics are shown in Table 1 . Based on the recruitment telephone data, our nonresponse analysis showed that subjects who were enrolled in person had a similar frequency of diabetes, smoking, and moderate alcohol use but were more likely to be overweight than subjects who did not participate. After a median follow-up of 9.0 years, 166 ischemic strokes, 24 hemorrhagic strokes, 158 MIs, and 314 vascular deaths were observed.
Variables in the final NOMAS global vascular risk model are shown in Table 2 . Newly added significant variables included the behavioral risk factors of alcohol consumption and physical activity and the anthropometric variable of waist circumference. To improve precision, our final model used continuous variables rather than dichotomous variables for blood pressure and blood sugar. Martingale residuals plots showed a gradual increasing trend supporting the use of continuous variables. The Framingham model included an interaction for systolic blood pressure and antihypertension medications, whereas our model had only an interaction term for diastolic blood pressure and antihypertensive medications. The only other 2-way interaction term was for male sex and moderate physical activity. None of the other 2-way interactions involving our risk variables and sex or race-ethnicity had a p value Ͻ0.10, suggesting that we did not need separate risk models for each sex or race-ethnic group.
In the NOMAS cohort, GVRS ranged from 4.4 to 11.6 (mean 8.6 Ϯ SD 1.0). The 10-year event-free probabilities were 0.95 for the first quartile of GVRS, 0.89 for the second quartile, 0.79 for the third quartile, and 0.56 for the fourth quartile (Fig. 1) . The second to fourth quartiles had significantly different survival curves from the first quartile by log-rank tests (all p Ͻ 0.0001). A GVRS of 9.0 implied a 10-year probability of 0.20, a GVRS of 6.6 implied a 10-year probability of 0.02, and a GVRS of 8.2 implied a 10-year probability of 0.10.
We tested whether the new variables added to our model contributed to the goodness of fit. The addition of the traditional Framingham variables to a model with just age and sex accounted for 3.8% of the maximum possible improvement of the log likelihood (chi-square 9 degrees of freedom, p Ͻ 0.0001). Our GVRS model accounted for 5.6% of maximum possible improvement and was significantly different than the model with only traditional variables (chi-square 12 degrees of freedom, p Ͻ 0.0001). The areas under the ROC curves were greatest for our NOMAS GVRS model (0.747) compared with the model including only traditional variables (0.736) and a third model developed using the AIC method that Table 1 . included traditional variables, waist circumference, and an interaction between alcohol use and physical activity (0.739) (Fig. 2) . The NOMAS GVRS reclassified 25.4% of subjects classified by the model restricted to traditional variables (Table 3) . However, this does not account for whether the reclassifications were correct. Figure 3 provides more information by plotting predicted probabilities between the 2 competing models. The crude summary proportion of correctly reclassified points by the NOMAS GVRS compared with a traditional model was 54.8%. The summary statistic (weighted versions of the integrated discrimination improvement measures proposed by Pencina et al. [24] ) between the NOMAS model and the traditional variables model was 8.66, and the p value computed from the bootstrap procedure was 0.055.
A calibration of the GVRS comparing the Kaplan-Meier 10-year risks of stroke, MI, or vascular death to the predicted probabilities by deciles of the GVRS showed reasonable agreement (Fig. 4) . The Hosmer-Lemeshow statistic was 32.3 (p Ͻ 0.0001) for the model with traditional variables and 23.9 (p ϭ 0.0024) for the GVRS model. Although our proposed model has a better fit than one with traditional variables, the Hosmer-Lemeshow statistic suggests that there are additional factors needed to explain the variability of outcomes, particularly among the highest-risk group.
Discussion
Although numerous tools have been developed for the purpose of estimating risk of coronary heart disease alone or stroke alone, risk prediction models for combined vascular outcomes (stroke, MI, vascular death) may be more useful (10) . This is increasingly relevant because most of our current preventative medications, such as antiplatelet agents and statins, prevent MI and stroke. Moreover, stroke and MI may be considered hard end points, be less likely to be influenced by subjective components or socioeconomic biases, have a greater combined public health impact, and be of particular relevance in the evaluation of nonwhite populations, in which stroke may be more frequent. The aim of primary prevention of cardiovascular disease should be to prevent both stroke and cardiac events, and a risk tool that predicts the overall combined risk of these outcomes is a more comprehensive approach to primary prevention.
We have shown an improvement in the prediction of global vascular risk by adding behavioral risk factors (alcohol consumption and physical activity) and the anthropometric measure, waist circumference, to the traditional cardiovascular profile. Waist circumference has not been included in prior models, and was a better predictor than body mass index in our cohort. Moreover, our GVRS tool used continuous variables rather than categorical classifications that are used in other risk tools (fasting blood sugar instead of diabetes, blood pressure instead of hypertension), which may provide more precise risk assessments. All of these risk factors can be easily recorded in a primary care setting. Although less valid than specific quantitative measures, we used simple questions for self-reported physical activity and alcohol use derived from reliable survey instruments. Just as smoking has been incorporated in most practice settings, 
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Improving Global Vascular Risk Prediction other practical lifestyle assessments could be added to office-based clinical histories. Rather than use multiple risk factor tables, we also sought to design a model adaptable to Internet-based or handheld programmable devices. Simple online entry of the basic variables is available to permit calculation of the GVRS (Fig. 5) (26) . The NOMAS score is also derived from a multiethnic cohort, which may improve its applicability to nonwhite individuals compared with those tools derived from white or single-sex populations.
The Framingham models are well-known risk prediction tools (5, 6, 10) . Our model included the basic traditional cardiovascular risk profile and other modifiable risk factors that were independent predictors of global vascular risk. Our GVRS accounted for a greater percentage of the log-likelihood and had a greater AUC in the ROC curve. [24] ) between the NOMAS model and the traditional variables model is 8.66, and the p value computed from the bootstrap procedure is 0.055. Abbreviations as in Figure 1 . We caution, however, that the AUC should not be used as a model selection criterion because the AUC does not change unless relative standings of subjects change. Limitations of using ROC curves for the purpose of variable selection are well documented (23, 24) . Our model correctly reclassified 54.8% compared with predicted 10-year probabilities from the model with traditional variables (p ϭ 0.055).
Comparison of the 10-Year Estimated Vascular Risks by the Model With Traditional Framingham Variables* and the NOMAS GVRS
Other models have also been developed for cardiovascular disease prediction. Some have included only fatal events (27, 28) , were intended for use in patients with stable angina (29) , or have included community deprivation indexes not readily available in a physician's office (30) . Previous studies have also assessed the benefits of adding nontraditional risk factors, such as high-sensitivity C-reactive protein (2) . Some have found that including novel factors, including cardiovascular disease-associated biomarkers, only marginally improved vascular prediction (8, 31, 32) . Other predictors were not considered in our NOMAS GVRS, including carotid measurements, echocardiography, and more extensive inflammatory markers. We thought there were advantages to building an inexpensive model that could be more widely used for screening in primary care settings, where there is limited access to expensive testing of less proven screening value (33) .
In our cohort, the ratio of total cholesterol to highdensity lipoprotein was the lipid parameter with the most significant p value. This ratio has been found to be predictive of first events in the Framingham study, as well as used in the QRISK score developed in the United Kingdom (30, 34) . Lipids seemed less predictive in our multiethnic, elderly cohort. Serum low-density lipoprotein levels, for example, have been strongly correlated with heart disease, but their relationship with stroke is less certain (35) . Our cohort was also older than that in the Framingham study, and the effects of dyslipidemia on coronary heart disease may diminish with age (36, 37) . Moreover, the inclusion of an anthropometric measure, missing in the traditional Framingham cardiovascular profile, may have improved risk prediction and substituted for the effects of lipids (38, 39) .
We did not detect interactions for most of our vascular risk factors with age, sex, or race-ethnicity, other than an interaction between physical activity and sex. Therefore, we did not need to use separate models for men and women or by race-ethnic group. The interaction between physical activity and sex indicated that men had a greater protection from moderate to heavy physical activity than women. Although 3 different race-ethnic groups were represented, there may have been insufficient power to detect interactions and identify racial differences among risk factors. Moreover, ethnic differences were attenuated by the addition of the other vascular risk factors. Similar to the Framingham model, the NOMAS GVRS also contains an interaction term for blood pressure and treatment indicating a greater risk among those on treatment that likely is caused by the severity of the condition (5,10). The reason for the better relationship between global vascular risk and diastolic, compared with systolic, blood pressure is not entirely clear; however, we have included both measurements. Although previous studies championed a single blood pressure component (diastolic or systolic blood pressure) as the best predictor of cardiovascular outcomes, recent results from the Framingham study indicate that a combination of blood pressure components, such as systolic and diastolic blood pressure or pulse pressure and mean arterial pressure, may improve stratification of risk (40) . Study limitations. Our model did not include other cardiovascular outcomes, such as congestive heart failure, angina pectoris, transient ischemic attacks, and revascularization procedures, which are sometimes less well validated. Therefore, the NOMAS score may underestimate the risk of all adverse cardiovascular events. The use of a single Calibration by Decile for NOMAS GVRS
Comparison of 10-year Kaplan-Meier-based (blue bars) and NOMAS model-based (decile-specific means, brown bars) predicted probabilities of stroke, myocardial infarction, or vascular death events by deciles of the NOMAS GVRS. Abbreviations as in Figure 1 .
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Improving Global Vascular Risk Prediction baseline measurement also can lead to inaccurate effect estimates because of regression dilution bias. We did not have enough repeat measurements to adequately estimate this potential bias inherent to many prediction models. Because we used the entire cohort to derive the NOMAS model, we also were unable to validate it using other NOMAS study subjects. The accuracy and validity of this model will need to be validated in other independent populations.
Conclusions
We have presented a model for assessing global vascular risk for an urban, multiethnic population that incorporates traditional, behavioral, and anthropometric risk factors and uses continuous variables. With the more widespread use of the Internet and handheld electronic devices, global vascular risk models can provide the clinician with a simple inexpensive tool to stratify patients into high-, medium-, and low-risk groups. The adoption and more widespread use of global vascular risk prediction tools that emphasize behavioral as well as pharmacological approaches to risk factor management could greatly improve the primary prevention of cardiovascular diseases and stroke (41) .
